The cell wall of MethanospiriUum hungatei GP1 is a labile structure that has been difficult to isolate and characterize because the cells which it encases are contained within a sheath. Cell-sized fragments, 560 nm wide by several micrometers long, of cell wall were extracted by a novel method involving the gradual drying of the filaments in 2% (wtlvol) sodium dodecyl sulfate and 10%0 (wt/vol) sucrose in 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer containing 10 mM EDTA. The surface was a hexagonal array (a = b = 15.1 nm) possessing a helical superstructure with a ca. 2.50 pitch angle. In shadowed relief, the smooth outer face was punctuated with deep pits, whereas the inner face was relatively featureless. Computer-based two-dimensional reconstructed views of the negatively stained layer demonstrated 4.0-and 2.0-nm-wide electron-dense regions on opposite sides of the layer likely corresponding to the openings of funnel-shaped channels. The face featuring the larger openings best corresponds to the outer face of the layer. The smaller opening was encircled by a stalk-like mass from which 2.2-nm-wide protrusions were resolved. The cell wall in situ was degraded at pH 9.6 at 56°C but was unaffected at pH 7.4 at the same temperature. The cell wall was composed of two nonglycosylated polypeptides (114 and 110 kDa). The cell wall resembled an archaeal S layer and may function in regulating the passage of small (<10-kDa) sheath precursor proteins (G. Southam and T. J. Beveridge, J. Bacteriol. 174:6460-6470, 1992).
The archaea are phylogenetically distinct from the eubacteria, and three basic phenotypes are recognized: methanogenic, halophilic, and sulfur-dependent thermophilic types (46) . With few exceptions, the envelope of archaeal cells consists of a paracrystalline protein layer (S layer), one protein molecule thick, which is directly apposed to the plasma membrane (PM) (16; reviewed in references 15 and 23) . Unlike more-rigid wall layers such as peptidoglycan, S layers are highly porous and non-cross-linked (16, 23) and have permeability properties similar to those of ultrafiltration membranes (30) . Consequently, archaeal cells possessing an S layer as the sole component of the cell wall (CW) tend to stain gram negatively (15) . S layers are often classified on the basis of their lattice symmetry (13) ; oblique (p2), tetragonal (p4), and hexagonal (p6) symmetries have been recognized. As a rule, archaeal S layers are hexagonally ordered (p6); exceptions include the tetragonal (p4) S layer of Desulfurococcus mobilis (45) and Sulfolobus acidocaldarius, which has recently been reclassified with the simpler p3 symmetry (20) . The characteristic structural features of members of the orders Thermoproteales and Sulfolobales and of other archaeal S layers include layertransversing channels and protrusions from the inner face that extend to the PM (1) . Despite their prevalence and strategic location on the cell, a common underlying function for these protein layers has not yet been discovered (1, 4, 23) .
Archaeal S layers are usually composed of homogeneous protein monomers that are held in a single layer by noncovalent intermolecular bonds (15, 23) . However, glycosidic linkages have been identified in some archaeal S-layer monomers, particularly in extreme halophiles (19, 21) , the proteins of which require additional polyanionic charges to counterbalance the effects of high salt on S-layer stability (15, 23) . S-layer polypeptides are typically rich in nonpolar and acidic amino acid residues and are deficient in cysteine and methionine (16) ; however, a cysteine-rich region has been found in two thermophilic methanogen species (8) .
The sheathed methanogen Methanospirillum hungatei (10) possesses an unusual external paracrystalline layer (i.e., the sheath) that differs from classical archaeal S layers for reasons including low porosity to solutes (6) , few but strategic crosslinkages involving cysteine (35, 37) , heteropolymer polypeptide composition (35) , oblique (p2) lattice with exceptionally fine lattice packing (repeat of 2.8 by 5.6 nm) (41) , assembly based on discrete hoop-like structures (37) , and open-ended design (37) . The cross-linkages produce an unusually stable layer that resists dissociation by conventional treatments (7, 28, 33, 37) . A likely candidate for a more typical S layer is the CW (previously known as the inner wall [39] ), which in thin sections is observed apposed to the tripartite PM bilayer and is involved in septation (3) . However, direct observation of the CW in situ by negative stains or metal shadowing has not been achieved because of the overlying sheath, which is difficult to remove. The characterization of the CW layer is further complicated by its inherent instability once isolated from partially lysed filaments (38) . As a consequence of these technical difficulties, the structure of the M. hungatei CW layer has not been satisfactorily resolved and its resemblance to archaeal S layers has yet to be confirmed.
The purpose of this study was to resolve the structural and chemical characteristics of the M. hungatei CW layer. A two-dimensional structure of the layer obtained from platinum-shadowed and negatively stained single-layer fragments is presented along with some preliminary observations of its chemical composition.
MATERUILS AND METHODS
Bacterial growth conditions. M. hungatei GP1 (27) (DSM 1101) was grown in 1-liter Wheaton flasks containing 100 ml of SA medium (26) . The flasks were pressurized daily with a H2-C02 (80:20) gas mixture.
S-layer preparation. Cells were harvested from culture by centrifugation at 15,000 x g for 10 min and washed once with deionized H20 (dH2O). A 200-mg (wet weight) sample of washed cells was suspended in 2.0 ml of the extraction buffer consisting of 2% (wt/vol) sodium dodecyl sulfate (SDS; BioRad, Richmond, Calif.) and 10% (wt/vol) sucrose dissolved in 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 6.8) with 10 mM EDTA. The suspension was placed in a watch glass and allowed to dry to a thick paste at room temperature in air. Evaporation was facilitated by gently flowing air from an in-laboratory air pressure line over the surface of the suspension. Enough dH2O was added to the paste to reconstitute the original volume, and the resuspended cells were pooled with an additional half-volume of dH2O used to collect the remaining residue in the watch glass. Unextruded filaments and aggregates were sedimented by low-speed centrifugation at 8,000 x g for 4 min. The cloudy supernatant containing the extracted material was centrifuged at 29,000 x g for 60 min, and the resulting pellet was resuspended in 20% (wt/vol) sucrose in 50 mM HEPES buffer containing 10 mM NiCI2 as a potential structure stabilizer and 0.03% sodium azide as an antimicrobial agent. To improve the consistency of the negative stains, the extract was dialyzed against several changes of buffer for 24 h at room temperature to remove the SDS. The dialyzed extract was centrifuged at 29,000 x g for 60 min, the supernatant was removed, and the pellet containing the CW and contaminating particulates was kept at 4°C.
High heat (ca. 90°C) solubilized the CW as well as other cellular constituents and was unsuitable as an enrichment step for CW material. To determine the effect of milder heat on the solubilization of the CW, 10.0 mg (wet weight) of the pelleted material was suspended in 1.0 ml of phosphate buffer (pH 7.4) and heated in a heating block to 56°C for 30 min. The heat-insoluble and -soluble materials were separated by centrifugation at 29,000 x g for 60 min and analyzed for intact CW by transmission electron microscopy (TEM) (negative staining) and SDS-polyacrylamide gel electrophoresis (PAGE) .
To determine the effect of sucrose alone on the CW, filaments were plasmolyzed and prepared for thin section as previously described (35) .
Alkali treatment of whole filaments. Exponentially grown cells were harvested and washed in dH20, and 100 mg (wet weight) of packed cells was suspended in 1.0 ml of phosphate buffer (pH 7.4) or 1.0 ml of carbonate-bicarbonate buffer (pH 9.6). The filaments were incubated at 56°C in a heating block for 30 min. After the treatment the filaments were prepared for embedding by washing twice with 50 mM HEPES buffer containing 10 mM NiCl2 (pH 6.8) and fixing with glutaraldehyde as described below. The specimens were viewed with a Philips 300 electron microscope operating at 60 kV under standard conditions with a liquid-nitrogen cold trap in place. The primary magnification for photographing negatively stained and thin-sectioned specimens was x 22,800, and that for Pt-shadowed specimens was x 14,148.
Image processing. Electron micrographs of negatively stained CWs were assessed for optimal focus and astigmatism by optical diffraction, and two micrographs showing apposing surface views were selected for image processing. Video images were obtained with a Hitachi KP-1 13 solid-state television camera mounted on a dissecting microscope equipped with 16 x and 64 x objectives (Wild Leitz M3B). Digital processing was performed with IMAGIC software (12) supported by MS-DOS on a personal computer. Lattice symmetry and spacing were determined from computer-generated diffraction patterns by using digitized areas corresponding to several hundred unit cells. Correlation averaging was used for highresolution image reconstruction of individual unit cells since this technique is insensitive to long-range lattice imperfections (31) . For correlation averaging, x 16-or x 64-magnified views of the micrographs, depending on the ease with which the unit cells could be identified, were used. The micrographs were digitized in small patches, and the most easily identifiable unit cells were extracted and collected in a master file. Over 100 unit cells, each with its surrounding perimeter, were extracted. The molecular positioning of the unit cells was determined relative to the reference motif, and the extracted unit cell images displaying the best correlative values were superim- Gels were stained for protein with 0.5% (wt/vol) Coomassie brilliant blue (Sigma) in 40% (vol/vol) methanol-10% (vol/vol) acetic acid for 1 h at room temperature or with ammoniacal silver nitrate. Low-and high-molecular-weight markers (Sigma) were loaded with each gel. Gels were stained for glycoprotein by the periodic acid-Schiff method described by Fairbanks et al. (9) . Bovine A-1 glycoprotein (Sigma) was used as a positive control.
RESULTS
Envelope structure of M. hungatei GP1. The complex envelope profile typical of M. hungatei (3) was observed, and an example is shown in longitudinal section in Fig. 1 . Electrondense layers corresponding to the sheath (ca. 9 .0 nm thick) and CW (ca. 10.0 nm thick), which encloses the cell, were separated by an electron-translucent zone (ca. 8.0 nm thick). The periodicity of the CW layer was discerned only in cross-sectioned views. The PM was tripartite (i.e., an electron-translucent zone sandwiched between electron-dense layers), ca. 6.5 nm thick, and completely overlaid by the CW layer. Unlike that in other methanogens such as Methanococcus voltae (17) , the CW was separated from the PM by a zone of weakly staining material (ca. 8.0 nm thick). The electron-dense layers of the multilayered plug, which were found associated with the polar regions of the cell, spanned the inner circumference of the sheath and displayed periodic ordering. The adhesive material that joins the plug structure to the CW (37, 38) was observed.
General description of the cell extract prepared as whole mounts. In a preliminary study, harvested and washed M. hungatei filaments were suspended in HEPES buffer (pH 6.8) with or without added 2% (wt/vol) SDS detergent and allowed to dry directly on TEM support grids. The filaments dried in HEPES alone remained intact; the collapsed sheath tubule was filled with cellular material which condensed into long, thin rods (not shown). Filaments dried in the presence of SDS were partially lysed, and cellular material was observed to extrude through the sheath at intervals along the length of the filament (Fig. 2) . Occasionally, an external layer presumed to be the CW detached from the extruded portion of the cell cytoplasm. While a hexagonal array could be discerned in the detached layers, the staining was generally of poor quality due to the interference of trace amounts of detergent in the preparation on the metal stain. For this reason, platinum-shadowed preparations proved best for visualizing the CW.
To improve the collection and staining of the CW layer, filaments were lysed in 2.0-ml quantities in a watch glass by the method described. Typically 20 to 30 min was required for drying. Low-speed centrifugation (8,000 x g) of the rehydrated mixture separated large aggregates of intact filaments from extracted material which consisted of CW, lysed fragments, and soluble and insoluble cytoplasmic material. The particulate material was separated from the soluble material by high-speed centrifugation (29,000 x g). From 100 mg (wet weight) of whole filaments about 9 to 10 mg (wet weight) of crude particulate material was obtained.
The particulate extract was dialyzed to remove excess SDS and prepared for negative staining or platinum shadowing. The periodicity of the CW surface was evident by either method of preparation. Cell-sized CW fragments, 565 nm wide and of variable length (1,000 to 3,000 nm), were commonly found, and a typical example is shown in relief in Fig. 3 . These CW fragments were distinguished from contaminating sheaths by their hexagonal array and from plug layers by their rectangular shape and greater size. Moire patterns indicative of multilayered sheets were evident in negative stains of well-preserved CW fragments (not shown). Examination of these fragments in relief indicated that they were the cylindrical portion of CW that had collapsed onto themselves to form flattened tubes. Completely intact cell envelopes were not observed, and the cell poles were found only entrapped within sheath contaminants. Filaments exposed to a hypertonic solution of sucrose in the absence of detergent were observed to develop breaks in the CW near the cell poles (Fig. 4) TEM. Initially, the periodicity of the CW was evident in the majority of cell-sized fragments. After 3 to 4 days, cell-sized fragments possessing a hexagonal array were difficult to find and by 7 days could not be observed in any of the fragments. The rapid dissociation of the isolated CW was achieved by heating the dialyzed extract to 56°C in phosphate buffer.
Asymmetry of the faces of the CW. On occasion, single-layer sheets of CW were found where the cylinder had unravelled (Fig. 3) . Two distinct surface morphologies were observed in these single-layer sheets in negative stains with either 2% (wt/vol) UA (Fig. 5 and 6 ) or 2% (wt/vol) AM (not shown).
AM staining produced patterns similar to those produced by UA, but AM staining was of lower contrast. One face was characterized by electron-dense circular depressions ca. 8 nm wide (Fig. 5) . The opposite face varied in appearance depending on the type and length of exposure of the stain; the most complex patterns were revealed with a 15-s exposure to UA stain (Fig. 6 ). This face was more structured than the opposite face and consisted of electron-dense circular depressions ca. 2.0 to 3.0 nm wide surrounded by electron-dense oblong grooves (9.0 nm long by 3.0 nm wide) that roughly formed a hexagon. The computer-generated transforms obtained for each surface demonstrated a single set of strong reflections along sixfold axes spaced 15.1 nm apart. The transforms were indicative of single layers and provided evidence for facial asymmetry in the CW layer. Reflections were found in both faces extending to the fourth order, corresponding to a resolution of ca. 3.0 nm. Strong first-and second-order reflections were found in the more structured face, as expected for its complex morphology (Fig. 6) . The structure in the smoother face was largely contained within the first-order reflections (Fig. 5 ).
These two surfaces could not be distinguished as the outer and inner faces in negative stains, and shadowed relief views were examined in an attempt to identify them. The comparison of relief and negatively stained views could be achieved only on the basis of the most prominent structural details since the grain of the platinum film obscured fine detail. In relief, the outer surface consisted of circular pits distributed as a hexagonal array spaced ca. 15 nm (Fig. 3) . The topology of the outer face was consistent with a smooth surface punctuated by large openings and best corresponded to the surface shown in Fig. 5 . The inner face was relatively featureless, and no obvious details could be discerned.
High-resolution reconstruction of both faces. Since lattice disorder in exposed single layers was apparent by eye, highresolution reconstructions were performed by the correlation averaging method. The reconstructed views are given with superimposed contours indicating differences in grey intensity in Fig. 7 and 8 . As expected, correlation averaging led to an improvement in the resolution of the structure compared with that by the Fourier filtering; the calculated resolutions of the outer smooth and inner structured faces were 2.5 and 2.9 nm, respectively. The electron-dense circular depressions were situated at the center of each unit cell, which suggested that they were the opposite openings of a continuous channel through the depth of the layer. The openings were measured across the darkest region (brightness minima) to yield a minimum diameter for the channel exits. The minimum diameters of the openings in the smooth (Fig. 7) and structured ( Fig. 8) faces were 4.0 and 2.0 nm, respectively, suggesting a funnel-shaped channel running from outside to inside through the CW. Given the thickness of the CW from thin-section data (i.e., 10 nm), the total volume occupied by the pore was calculated to be ca. 290 nm3 by using the geometrical formula for determining the volume of a truncated cone. The mass (i.e., the stain-excluding regions) in the face possessing the 4.0-nm opening interconnected with neighboring unit cells and was slightly contoured. On the opposite face, the mass surrounding the 2.0-nm opening was highly contoured and isolated from neighboring unit cells by oblong depressions measuring 8.7 by 3.0 nm. Fine structural detail in the oblong depressions corresponded to the contours previously observed in the interconnected mass of the opposite face. The isolated mass was 12.0 nm wide and had a stalk-like appearance. Oval protrusions (2.2 by 1.9 nm) arranged along sixfold axes were resolved at the base of the mass. Handedness was not observed in any of the resolved features. A conceptual cross-sectional view of the CW layer and its associated layers in the cell envelope is given in Fig. 9 .
Analysis of CW proteins by SDS-PAGE. With whole, untreated M. hungatei filaments as the sample, 11 major polypeptide bands and numerous lesser bands were observed in 18% (wt/vol) acrylamide gels stained with Coomassie blue dye. The two most prominent polypeptides have molecular masses of 114 and 110 kDa. Of all the major bands, only the 114-, 110-, 74-, and, to a lesser extent, 45-kDa bands were found in the insoluble extract (Fig. 10) . Heating the extracted fraction in pH-neutral phosphate buffer for 30 min at 56°C solubilized both the 114-and 110-kDa polypeptide bands (Fig. 10) , and this was concomitant with a loss of CW observable by TEM. Although both the 114-and 110-kDa bands were stained by Coomassie blue dye, they could not be stained by the silver staining method used for protein detection. Further, the 114-and 110-kDa polypeptide bands were periodate-Schiff negative in gels. These results indicate that the 114-and 110-kDa polypeptides have similar amino acid compositions and periodate-sensitive carbohydrate moieties may not account for the difference in their masses.
In contrast to the isolated CW, heating intact untreated filaments for 30 min at 56°C failed to solubilize the 114-and 110-kDa polypeptides (Fig. 11) , demonstrating the stability of the CW in situ. Solubilization of the 114-kDa-1 10-kDa polypeptide couplet could be achieved by treating whole filaments for 30 min at 56°C at pH 9.6 in 50 mM bicarbonate FIG. 5 . Negatively stained CW monolayer with the smooth face exposed. Bar = 100 nm. The inset shows the computer-generated transform derived from a 65,000-nm2 area of the layer. (Fig. 6 ). Over 100 unit cells were extracted from digitized x 64-magnified views of the original micrograph. Sixfold rotational symmetry is imposed. Contrast due to stain pooling is indicated by brightness levels; minimal levels correspond to areas of greatest pooling. The contour lines indicate levels of grey intensity above and below the mean intensity. Bar = 2.0 nm. buffer (Fig. 11) . The 114-kDa-110-kDa couplet was not observed in the alkali-soluble fraction which was found to contain polypeptides of lower molecular mass, the most prominent being ca. 25 kDa, indicating that extensive protein degradation had occurred under alkaline conditions. Envelope profile of M. hungatei filaments incubated at 56°C.
Sh
Whole filaments were incubated to 56°C for 30 min in phosphate (pH 7.4) or carbonate-bicarbonate (pH 9.6) buffers and
Conceptual cross-sectional view of the M. hungatei CW layer based on two-dimensional reconstructions of negatively stained CW surfaces. Individual monomers are shown as comma-shaped structures that join to neighboring monomers at the outer surface of the layer (connective regions; CR), forming a canopy, and curve towards the center of the unit cell to form the stalk. Situated at the base of the stalk are the 2.2-nm projections (P) which may interact with the PM (shown as lipid bilayer). The funnel-shaped stain-filled channel of the unit cell is shown (dark shading). Schematic 2.8-nm repeat units of the sheath layer (Sh; ovals) are also shown. For clarity, only two monomeric polypeptides per unit cell are depicted. Not to scale. prepared for thin sectioning. At a pH of 7.4, the envelope structure remained unaltered by incubation at 56°C (Fig. 12 ) compared with that of untreated controls (Fig. 1) . The periodic nature of the sheath or CW was rarely observed.
The cell envelope was degraded by incubating the filaments at a pH of 9.6 (Fig. 13 ). An electron-translucent space (ca. 30 nm wide) existed between remnants of the PM and the inner face of the sheath (recognized by its 2.8-nm circumferential repeat). From careful examination of this zone it was concluded that the CW material was dispersed and no longer in the form of a layer. The cytoplasm was largely missing, although areas of congealed cytoplasm could be found associated with intact stretches of PM. The solubilization of the CW layer by alkali was associated with the disappearance of the 110-kDa-114-kDa couplet (Fig. 11) .
DISCUSSION
In this study, a novel slow dehydration method was used to isolate cell-sized CW fragments from M. hungatei filaments. Two-dimensional structural and chemical analyses of the isolated structure demonstrated a close resemblance of the M. hungatei CW to typical archaeal S layers (1, 13, 23) . The CW was a hexagonal array with a lattice spacing and protein mass (repeat spacing [a = b = 15.1 nm]; molecular mass = 110 or 114 kDa) that were within the ranges reported for S layers from other methanogens, i.e., lattice spacings ranging from 9.8 to 19.2 nm and the monomeric masses ranging from 60 to 156 kDa (see Table 1 in reference 23). The cylindrical portion of the CW was found to be free of obvious lattice defects and possessed a helical superstructure of low pitch angle (ca. 2.50). The CW in situ is sandwiched between heterologous envelope layers, and the effect may be reflected in asymmetrical faces of the CW layer. The porosity of the layer is likely regulated by funnel-shaped channels measuring 2.0 nm at their narrowest which are situated in the center of each unit cell. The CW is composed of nonglycosylated polypeptides that are a major protein component of the whole cell. Once separated from the sheath, the CW polypeptides were conveniently solubilized by FIG. 12 . Thin cross section of whole filaments heated to 56°C for 30 In M. hungatei, the cells are separated from the surrounding environment by the sheath and from their cellular neighbors by spacer plugs. These structures combine to protect the cell from osmotic stress and to act as a sieving barrier (6, 38) . Since the cell is totally enclosed, the main function of its CW may be to regulate the passage of large solutes such as sheath precursor polypeptides (molecular mass = 10 to 40 kDa) (33) and phenol-soluble polypeptides (molecular mass = 62 to 66 kDa (35) to their incorporation sites. Assuming a continuous pore through the CW, the transversing proteins must be smaller than 2.0 nm in their smallest dimension to pass through the layer. Openings of this size would exclude proteins as small as cytochrome c (molecular mass = 12.4 kDa; 3.7 by 2.5 by 2.5 nm [42] ) in their native conformation. This suggests that only unfolded forms of the sheath precursor and phenol-soluble polypeptides could be accommodated. The 10-nm-wide polar flagella found in this organism, as well as other methanogens, is an obvious exception to the normal exclusion limits imposed by the CW on large molecules. Flagellar extension through the CW may require specific accommodation sites which may disturb the lattice order of the layer. Lattice defects act as incorporation sites for new S-layer material and so are compatible with S-layer function (23) . However, we have not been able to isolate suitable polar fragments for structural analysis since the polar regions break from the cylindrical regions and remain in the sheath through their firm attachment to the plug.
The scheme shown in Fig. 9 uses the archaeal S-layer design proposed by Baumeister et al. (1) . In this model, neighboring unit cells are interconnected at the outer surface of the layer to form a canopy which is supported by stalks that extend from the inner surface to the underlying membrane. The basic design of the model was readily recognized in the reconstructed views of the M. hungatei CW layer. The smooth face, which was highly interconnected and punctuated with large openings, may correspond to the outer-facing canopy. The pitted outer surface of the CW layer shown in relief is consistent with this interpretation. The highly structured face consisted of rectangular trenches that were not continuous throughout the layer and that enscribed a stalk-like mass ca. 12.0 nm in diameter from which 2.2-nm-wide protrusions were detected. This enscribed mass may correspond to the canopysupporting stalk. However, unlike the prominent stalks of the inner face of the rigid S layer from Thermoproteus tenax (1, 22) , the stalks of the M. hungatei CW are not observed in either thin-section or shadowed-relief views, indicating a relatively truncated structure. Intriguingly, the 2.2-nm-wide protrusions situated at the base of the stalk may be domains that contact the PM or interact with linker material that spans the region between the PM and CW layers. There is a discrepancy between this interpretation of the 2.2-nm protrusions and the thin-section evidence, which fails to demonstrate a direct association between these envelope layers (3, 38) . This envelope profile, however, is different from the envelope profile observed in other methanogens (2, 17) , including Methanosaeta (Methanothrix) concilii (5) , suggesting that the PM may have retracted from the CW during processing for conventional embedding. To explore the possibility of direct contact between the PM and CW layers of M hungatei and account for the 2.2-nm protrusions, we are currently attempting to examine thin sections of cryopreserved filaments. A comparative study of conventional and cryogenic methods of embedding cells indicates the superiority of the latter method for accurately preserving cell ultrastructure in a wide range of bacterial types (11) .
We have found that the extracted CW gradually becomes difficult to observe by TEM because of the increasing disorder of the array during storage. The layer does not dissociate into monomeric subunits on storage, suggesting that the CW monomers contain at least two domains: one domain which easily solvated in a polar environment such as water and another domain, likely hydrophobic, which provides the intermolecular links needed to hold the layer together. The easily solvated domain likely produces the disorder in the lattice which has caused the difficulty in identifying the CW in earlier studies (38, 40) . The alkaline conditions used to isolate spheroplasts may have been a contributing factor in this difficulty since the CW polypeptides appear inherently unstable at high pH. In this study, the preservation of the CW lattice may have been due to the role of sucrose during extraction. Sucrose is known to increase the surface tension effect of water at the proteinwater interface to prevent denaturation (43) . The stabilizing effect may have been further enhanced by encasing of the layer in a sucrose shell during drying. Sucrose was insufficient for long-term stabilization of the isolated CW, and other factors need to be considered. The role of Ni as an envelope stabilizer is suggested from the finding of high levels of this cation in the M. hungatei PM (40) . However, isolated CW did not give a strong Ni signal by energy-dispersive X-ray spectroscopy (not shown), and Ni did not appreciably prolong the longevity of the layer during storage. These observations indicate that Ni may not directly act to stabilize the CW layer, and its role in the envelope is unclear.
In the dehydration method used in this study, the force required to extrude the cells may have been caused by the collapse of the flexible sheath during drying (36) . The force is insufficient to break the sheath layer unless breaks occur as a result of the detergent or sucrose present in the extraction buffer. These breaks in the sheath may occur through longitudinal lattice faults in the sheath (34) which become weakened during dehydration in sucrose (32a) . The spacer plugs may support the collapsing sheath during drying and prevent the extrusion of the entire cell contents. Partial filament lysis was also observed in the structurally related M. concilii GP6 (5) by this method (unpublished observation), indicating its potential value in extracting the CW from these organisms. This manner of filament lysis differs from dithiothreitol-induced lysis, which depends on osmotic swelling of the cell to break through sheath destabilized by the thiol reducing agent (38) .
Few eubacterial species (14, 25, 44) and only one archaeal species, namely, Pyrobaculum organotrophum H10 (29) , have been previously shown to possess multilayered protein cellular envelopes. The companion layers in these organisms have identical crystal symmetries, although the spacing and protein mass distribution may vary. The importance of an assembled inner layer for assembly of the outer layer has been proposed for Lampropedia hyalina (25) and Aquaspirillum serpens MW5 (14) . With the results of our study, M. hungatei may now be included in this rare group of organisms; however, it is now apparent that there is very little similarity in the structure and assembly of the companion array layers (i.e., sheath and plugs) in this organism. The sheath is an open-ended cylindrical structure, while the CW completely surrounds each rod-shaped cell. The sheath elongates in a combined process of hoop widening followed by circumferential splitting into two smaller hoops (35) , whereas the extension of the CW probably occurs along helical axes in the manner proposed for T. tenax, i.e., by incorporation of new material at discrete sites in the polar region of the cell (22) . While the sheath and CW appear to be assembled by different routes, their regulation must be highly coordinated.
Two major polypeptide bands (molecular masses = 114 and 110 kDa) were found to be closely associated with the appearance of CW layer. The disintegration of the CW resulted in either the degradation or solubilization of the 114-kDa-110-kDa couplet. These polypeptides are not a major component of purified PM (40) . Double S-layer monomer bands are not unusual and have been observed in a variety of organisms, including Methanococcus jannaschii (24) and the cyanobacterium Synechococcus strain GL (32) . Superficially, the CW polypeptides resemble typical S-layer monomers since both bands fail to oxidize with periodate or to stain by the silver diamine stain method, indicating their deficiency in periodatesensitive carbohydrates and free amine-and sulfur-containing amino acids. The 114-kDa-110-kDa polypeptide couplet was degraded by heating intact filaments in alkaline buffer. The degradation of the couplet also occurred with a preparation of cells sheared in a French press (not shown). The cause of the degradation is under investigation, and the role of alkaliactivated proteolytic enzyme is being considered.
